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Open access under the Ela b s t r a c t
Infectious bursal disease is a highly contagious disease of young chickens caused by Infectious bursal dis-
ease virus (IBDV). Genome segment A encodes the capsid protein (VP2), while segment B encodes the
RNA-dependent RNA polymerase (VP1). In the present study, we trace the molecular epidemiology of
IBDV in Brazil by analyzing 29 isolates collected in the major regions of poultry production. To genetically
characterize the isolates, phylogenetic and population dynamic analyses were conducted using 68 VP1
(2634 nt) and 102 VP2 (1356 nt) coding sequences from IBDV isolates from different regions of the world.
Furthermore, the evolution of IBDV was analyzed by characterizing the selective forces that operated dur-
ing the diversiﬁcation of viral isolates. We show that IBDV isolates were introduced into Brazil mainly
from the Netherlands and the USA. These introductions were associated with all Brazilian poultry produc-
tion regions analyzed in this work. In addition, we show that the evolution of IBDV has been shaped by a
combination of very low recombination rates and relatively high rates of nucleotide substitution
(2.988  104 for VP1 and 3.2937  104 for VP2), which themselves are a function of purifying selection
operating on VP1 and VP2. Furthermore, our extended Bayesian skyline plot suggests that the increase in
the effective population size of isolates of IBDV is consistent with its epidemiological history, with a large
increase during the emergence of acute outbreaks of IBD in the 1980s.
 2012 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Infectious bursal disease virus (IBDV, genus Avibirnavirus, fam-
ily Birnaviridae) is the etiologic agent of infectious bursal disease
(IBD), an acute and highly contagious disease affecting young
chickens. IBDV is a non-enveloped virus with a capsid containing
a genome of two segments (segments A and B) of double-stranded
RNA (Dobos et al., 1979). Segment A encodes a precursor polypro-
tein in a major open reading frame (ORF), which is cleaved by auto-
proteolysis to yield the mature VP2 (outer capsid), VP4 (protease),
and VP3 (inner capsid) proteins (Kibenge et al., 1988). VP2 is also
the immunodominant antigen of IBDV (Vakharia et al., 1994). Seg-
ment B encodes VP1 (viral RdRp), which performs essential func-
tions in viral replication and transcription (Von Einem et al., 2004)., Sala 07, Av. P.H. Rolfs s/n,
azil. Tel.: +55 31 3899 2911;
sevier OA license.The potential for genetic variability in RNA viruses has long
been considered fundamental to their evolution, adaptation, and
escape from host responses (Moya et al., 2000). Since the late
1980s, when IBDV led to high economic losses to the poultry
industry, genotyping studies of the VP2 sequences have been
widely used as a way to trace changes in the virulence of IBDV iso-
lates (Banda and Villegas, 2004; Hon et al., 2006; Jackwood and
Sommer-Wagner, 2007; Sreedevi et al., 2007; Yamaguchi et al.,
1997). Most exchanges of amino acid residues in VP2 occur in
the four hydrophilic loops of the viral capsid (Coulibaly et al.,
2005). These exchanges indicate that selective pressure for the
evolution of IBDV is directly focused on the capsid regions that
are immediately exposed to the immune system (Durairaj et al.,
2011).
Epidemiological research is also critical for understanding viral
evolution. Acute severe outbreaks of IBD, due to very virulent IBDV
(vvIBDV), were ﬁrst detected in Europe in 1987 (Chettle et al.,
1989; Van den Berg et al., 1991) and since then have been reported
worldwide. In Brazil, severe outbreaks of IBD have been reported
since July 1997 (Di Fabio et al., 1999). Phylogenetic analyses of
the hypervariable regions of VP2 suggested that virulent IBDV iso-
lates in Latin America emerged from virulent strains from Europe
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acterization of partial sequences of VP2 (Fernandes et al., 2009)
using restriction fragment length polymorphisms (RFLPs) (Gomes
et al., 2005) suggested these same origins for Brazilian IBDV iso-
lates. On the other hand, further molecular epidemiological studies
with a larger number of isolates are still needed to fully understand
the origins of IBDV in Brazil.
Prediction of viral genealogies can support an epidemiological
framework when the data are correlated in a multidisciplinary
way using evolutionary approaches, economic statistics, and infor-
mation about viral isolation (Vidigal et al., 2012). To expand our
understanding of the molecular epidemiology of IBDV in Brazil,
the coding sequences of VP1 and VP2 of 29 Brazilian isolates col-
lected in the major regions of poultry production were analyzed
by phylogenetic approaches. Additionally, viral isolates of other
countries were also analyzed to better understand the molecular
epidemiology of Brazilian IBDV isolates. The correlation of the pre-
dicted genealogies with the live poultry trade provided important
insights about the possible routes of introduction of IBDV in Brazil.
A population history of IBDV isolates was reconstructed, and selec-
tive forces that operated during the diversiﬁcation of viral isolates
were also characterized, providing further information about the
evolution of IBDV.2. Materials and methods
2.1. Viral samples
Twenty-nine samples of bursa of Fabricius were analyzed in this
work. These samples were collected in 1997 and 2000–2009 and
are representative of the major regions of poultry production in
Brazil: 4 samples from Minas Gerais (MG), 11 samples from SãoTable 1
Sequences of the Brazilian isolates of IBDV.
Target GenBank ID Isolate Area of
VP1 JN982245 SP14 SP
VP1 JN982246 MG1 MG
VP1 JN982247 MG8 MG
VP1 JN982248 SC11 PR
VP1 JN982249 SP11 PR
VP1 JN982250 SP6 SP
VP2 JN982251 MG8 MG
VP2 JN982252 MG4 MG
VP2 JN982253 SP9 PR
VP2 JN982257 SP5 SP
VP2 JN982270 SP14 SP
VP2 JN982271 SC1 MT
VP2 JN982272 SC2 SC
VP2 JN982273 SC5 PR
VP2 JN982274 SP3 PR
VP2 JN982275 SP8 PR
VP2 JN982276 SP10 SP
VP2 JN982254 SC9 SC
VP2 JN982255 SP22 SP
VP2 JN982256 SP33 SP
VP2 JN982258 SP17 SP
VP2 JN982259 SP25 SP
VP2 JN982260 SP26 SP
VP2 JN982261 SP28 SP
VP2 JN982262 SP11 PR
VP2 JN982263 SC6 SC
VP2 JN982264 SP20 PR
VP2 JN982265 SP21 PR
VP2 JN982266 SP30 SP
VP2 JN982267 SC8 SC
VP2 JN982268 SC10 SC
VP2 JN982269 SC12 MG
a Brazilian states: MG = Minas Gerais; MT = Mato Grosso; PR = Paraná; SC = Santa CataPaulo (SP), 8 samples from Paraná (PR), 1 sample fromMato Grosso
(MT), and 5 samples from Santa Catarina (SC) (Table 1).2.2. RNA extraction, RT-PCR, and sequencing
Total viral RNA in the samples was extracted from 250 lL of
homogenized bursa tissue using 750 lL of TRIZOL LS reagent
(Invitrogen), according to the manufacturer’s protocol. Total RNA
was quantiﬁed by spectrophotometry (OD260) and stored at
80 C. Viral cDNA was ampliﬁed using the SuperScript™ III
First-Strand Synthesis System (Invitrogen) following the manufac-
turer’s instructions.
The PCR was performed using 15 lL of GoTaq Green Master Mix
(PROMEGA), 20 pmol of each speciﬁc primer, 2 lL of the viral cDNA,
and water up to 30 lL. A 625 nt VP2 fragment was ampliﬁed using
the primer pair VP2-F1 (50-ATGACAAACCTGCAAGATCAAACC-30)
and VP2-R1 (50-TTATGGTGTAGACTCTGGGCCTGT-30). A 752 nt VP2
fragment was ampliﬁed using the primer pair VP2-F2 (50-AGA-
GTCTACACCATAACTGCAGCC-30) and VP2-R2 (50-CCTCCTTATGGCC
CGGAT-30). These two pairs of primers were designed to amplify a
sequence of 1356 nt from positions 131–1486 of segment A of the
IBDV genome, which corresponds to the coding sequence (CDS) of
the VP2 protein (452 aa). The VP1 polymerase was ampliﬁed using
primerpairs previouslydescribedbyYuet al. (2010). The2634 nt se-
quence ampliﬁed frompositions 112–2745of segment B of the IBDV
genome corresponds to the cds of the VP1 protein (878 aa).
The PCR products were puriﬁed from agarose gels and se-
quenced by Macrogen Inc. (Seoul, Korea). The PCR products were
successfully sequenced in 6/29 VP1 reactions and 26/29 VP2 reac-
tions. Contigs of the nucleotide sequences of VP1 and VP2 were
assembled using the CAP3 program (Huang and Madan, 1999).isolationa Collection year Phylogenetic group
2004 VP1-I
2009 VP1-I
2009 VP1-I
2004 VP1-I
2004 VP1-II
2004 VP1-II
2009 VP2-I
2009 VP2-I
2004 VP2-I
2001 VP2-I
2004 VP2-I
2004 VP2-I
2005 VP2-I
2000 VP2-I
2004 VP2-I
2004 VP2-I
2001 VP2-I
2002 VP2-II
2004 VP2-II
2003 VP2-II
1997 VP2-II
2001 VP2-II
2001 VP2-II
2001 VP2-II
2004 VP2-II
2001 VP2-II
2003 VP2-II
2003 VP2-II
2000 VP2-II
2005 VP2-II
2002 VP2-II
2005 VP2-II
rina; SP = São Paulo.
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mitted to GenBank (Table 1).2.3. Selecting data for analysis
To establish a better framework to discuss the molecular epide-
miology of Brazilian IBDV isolates, viral isolates of others countries
were also included in the analysis. The coding sequences of VP1
(n = 62) and VP2 (n = 76) from IBDV isolates were downloaded
from GenBank (http://www.ncbi.nlm.nih.gov/Genbank), and all
countries with complete coding sequences available were sampled.
This sampling corresponded to 28 countries of all continents
(Tables 2, S1, and S2). The sequences of isolates that originated
from adapted cell cultures or were associated with recombination
and reassortment events were not considered because these
sequences represent breakpoints in genealogies and could bias
phylogenetic analyses. Thus, the ﬁnal dataset selected contained
68 sequences of VP1 and 102 sequences of VP2, including the
sequences of Brazilian isolates (Tables S1 and S2). The sequence
datasets (VP1 and VP2) were aligned using MUSCLE v.3.8.31 9
(Edgar, 2004). The two alignments did not contain any gaps.2.4. Recombination analysis
The presence of recombinant viral isolates could mislead the
interpretation of IBDV genealogies. Phylogenetic evidence for
recombination was tested, and recombination breakpoints were
predicted using several methods (p < 0.05) available in RDP3 ver-
sion 3.44 (Martin et al., 2010), including RDP (Martin and Rybicki,
2000), GENECONV (Padidam et al., 1999), Chimaera (Posada and
Crandall, 2001), MaxChi (Smith, 1992), 3Seq (Boni et al., 2007),
and Bootscan/Recscan (Posada and Crandall, 2001). Only those
recombination events predicted by at least three of the methods
where taken as valid; the recombinant sequences were removed
from the dataset in all subsequent analyses.Table 2
Summary of phylogenetic clustering of sequences of VP1 and VP2.
Geographic region Country VP1-I
Africa Egypt –
Nigeria –
Tanzania –
Zambia 1
Asia Bangladesh –
China 7
India –
Iran –
Israel 1
Japan 1
Malaysia –
Singapore –
South Korea –
Taiwan 2
Turkey –
Vietnam –
Caribbean Cuba 1
Europe Croatia 1
France –
Germany 4
Luxemburg 1
Netherlands –
United Kingdom –
North America Canada 1
USA 12
Oceania Australia –
South America Brazil 4
Venezuela –
Total/cluster 362.5. Estimation of selection pressures
The selection pressures over the complete coding sequences of
VP1 and VP2 were estimated using three different statistical tests
of neutrality (Tajima’s D, Fu and Li’s D, and Fu and Li’s F tests) en-
abled in DnaSP v5 (Librado and Rozas, 2009). These methods test
whether the number of segregating sites in a sample departs sig-
niﬁcantly from the neutral expectation (Fu and Li, 1993; Tajima,
1989).
Next, selective pressures on each codon were evaluated using
the difference between non-synonymous (dN) and synonymous
(dS) substitution rates per codon using the single-likelihood ances-
tor counting (SLAC), ﬁxed-effects likelihood (FEL), and internal
branches ﬁxed-effects likelihood (IFEL) methods, found in Data-
Monkey (http://www.datamonkey.org/). Values of dN–dS <0, =0,
and >0 indicate negative selection, neutral evolution, and positive
selection, respectively. Estimates of differences in substitution
rates were made from a phylogenetic tree inferred using the neigh-
bor-joining algorithm, with distances corrected using the TIM2
model (substitution code 010232) found in DataMonkey.2.6. Phylogenetic trees
Phylogenetic hypotheses were inferred by Bayesian inference
(BI) and maximum likelihood (ML) (Figs. 1 and 2) using MrBayes
v3.1.2 (Huelsenbeck and Ronquist, 2001) and GARLI 2.0 (Zwickl,
2006), respectively. To root the phylogenetic trees, the coding se-
quences of VP1 (GenBank ID: AJ459383) and VP2 (GenBank ID:
AJ459382) of blotched snakehead virus were added to the se-
quence datasets as outgroup taxa. Blotched snakehead virus is a
Blosnavirus, an aquatic virus of Birnaviridae that is slightly more re-
lated to Avibirnavirus than to Aquabirnavirus (Da Costa et al., 2003).
The sequences (VP1 and VP2) were aligned using MUSCLE
v.3.8.31 9 (Edgar, 2004). Alignments were manually inspected,
and the sites with gaps were excluded. One hundred eleven sitesVP1-II VP2-I VP2-II Total/country
– 1 – 1
1 – 1 2
1 – 1 2
– – 1 2
1 – 1 2
12 9 9 37
– 2 – 2
– – 2 2
3 – – 4
1 1 3 6
2 – 2 4
1 – – 1
– – 3 3
– 1 – 3
1 – – 1
– 3 10 13
– 1 – 2
2 1 1 5
1 1 – 2
– 3 – 7
– 1 – 2
2 – 1 3
1 1 1 3
– – – 1
- 10 1 23
1 1 – 2
2 12 16 34
– – 1 1
32 48 54 170
Fig. 1. Evolutionary relationships between IBDV isolates based on VP1. The majority-rule consensus tree was obtained by Bayesian MCMC coalescent analysis of 69 complete
sequences of VP1. The posterior probability values (PP) (expressed as percentages) calculated using the best trees found by MrBayes are shown beside each node. The second
value corresponds to bootstrap values (BV) (expressed as percentages) that deﬁne the clusters in the maximum likelihood tree. The GenBank IDs (bold) correspond to IBDV
isolates sequenced in this work. The outgroup taxon is an isolate of blotched snakehead virus (GenBank ID: AJ459383).
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Fig. 2. Evolutionary relationships between IBDV isolates based on VP2. The majority-rule consensus tree was obtained by Bayesian MCMC coalescent analysis of 102
complete sequences of VP2. The posterior probability values (PP) (expressed as percentages) calculated using the best trees found by MrBayes are shown beside each node.
The second value corresponds to bootstrap values (BV) (expressed as percentages) that deﬁne the clusters in the maximum likelihood tree. The GenBank IDs (bold)
correspond to IBDV isolates sequenced in this work. The outgroup taxon is an isolate of blotched snakehead virus (GenBank ID: AJ459382).
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were removed in the VP2 alignment. To expedite the construction
of phylogenetic trees, a model of nucleotide substitution was esti-
mated using the jModeltest program (Posada, 2008). The
GTR + I + G substitution model was selected as the best DNA evolu-
tion model for both datasets (VP1 and VP2), according to the AIC
and AICc criteria.
The BI phylogenetic trees were calculated using the Bayesian
Markov Chain Monte Carlo (MCMC) method, in two runs with
50,000,000 generations and a sample frequency of 1000. At the
end of each run, the average standard deviations of the split fre-
quencies were 0.002957 (VP1 sequence set) and 0.006999 (VP2 se-
quence set). The convergence of the parameters was analyzed in
TRACER v1.5.0, and the chains reached a stationary distribution
after 1,000,000 generations for both sequences sets. Then, a total
of 2% of the trees generated were burned to produce the two con-
sensus trees.
The GTR + I + G substitution model was selected in the GARLI
settings (ratematrix = 6rate; statefrequencies = estimate; ratehet-
model = gamma; numratecats = 4; invariantsites = estimate), and
the statistical support of the ML phylogenetic trees was calculated
by 1000 bootstrap replicates. The 50% majority rule consensus
trees of all bootstrap replicates were summarized using the Sum-
Trees of DendroPy 3.8.0 (Sukumaran and Holder, 2010).
To establish an epidemiologic context for the phylogenetic anal-
yses, we focused on and considered all information about sequences
that was available in GenBank, including papers published on viral
isolation, and the live poultry (commodities code 0105) trading
statistics available on the United Nations Commodity Trade Statis-
tics Database DESA/UNSD, UN Comtrade (http://comtrade.un.org/;
accessed on June 7, 2012), following the approaches suggested by
Vidigal et al. (2012).2.7. Estimation of mutation rates
The estimation of the mutation rates of VP1 and VP2 were car-
ried out in Bayesian Evolutionary Analysis Sampling Trees (BEAST)
v1.7.2 (Drummond et al., 2012). First, the years of collection of viral
isolates were retrieved from GenBank, and only dated sequences
were included in the BSP analysis. Sixteen sequences of VP1 and
54 sequences of VP2 were selected (Tables S1 and S2). These se-
quences correspond to viral isolates that were collected between
1975 and 2009. The GTR + I + G substitution model was selected
as the best DNA evolution model for both dated sequence sets
(VP1 and VP2) using jModeltest (Posada, 2008).
Three molecular clock models (strict-clock, Bayesian-relaxed
exponential molecular clock and Bayesian-relaxed lognormal
molecular clock) were tested for both sequence sets (VP1 and
VP2). In these tests, MCMC runs (50,000,000 generations) were
performed under these molecular clock assumptions. For each
sequence set, the convergence of the parameters (including the
estimated mutation rates) was analyzed in TRACER v1.5.0. The
marginal likelihoods obtained in each test were compared by Bayes
factors calculations (Suchard et al., 2001) with 1000 bootstrap rep-
licates. The test with the highest Bayes factor corresponds to the
best-ﬁt clock model and a better estimation of the mutation rate.2.8. Population dynamic analyses
The population history of IBDV isolates was reconstructed using
an extended Bayesian skyline plot (EBSP), which estimates changes
in the effective population size over time using sequence data from
multiple loci (Heled and Drummond, 2008). The VP1 (69 se-
quences) and VP2 (102 sequences) of IBDV were the two loci ana-
lyzed in the EBSP (Tables S1 and S2). The EBSP analysis was carriedout in BEAST v1.7.2 (Drummond et al., 2012) according to the EBSP
tutorial (Heled, 2010).
A MCMC run (100,000,000 generations) was performed consid-
ering the GTR + I + G as substitution model, a Bayesian-relaxed
exponential molecular clock model assumption (using the previous
estimate of the mean substitution rates of VP1 and VP2), and EBSP
as a coalescent tree prior. The convergence of the parameters was
analyzed using TRACER v1.5.0 (Drummond et al., 2012), and the
chains reached a stationary distribution after 1,000,000 genera-
tions. Following this, 1% of the trees generated were burned to pro-
duce the two consensus trees using TreeAnnotator v1.7.2
(Drummond et al., 2012). Then, the extended Bayesian skyline plot
was reconstructed using the Python scripts included in the EBSP
tutorial.3. Results and discussion
The results of this work provide important insights into the evo-
lution of IBDV, through an assessment of the selection pressures on
the VP1 and VP2 ORFs, and into the molecular epidemiology of Bra-
zilian isolates, through prediction of genealogies, demographic his-
tory, and dispersal routes of IBDV.3.1. Selection pressures
In tests of neutrality, no signiﬁcance was found in the analysis
of the VP1 sequences (Table S4); thus, the evolution of this ORF
possibly followed the model of neutrality. On the other hand, the
statistical signiﬁcance found in the analysis of VP2 suggests that
the evolution of this ORF possibly occurred under the inﬂuence
of selection. The high negative values of the coefﬁcients of the tests
also suggest that purifying selection took place (Table S4).
As an indicator of the action of natural selection on gene se-
quences, the dN/dS ratio is versatile and widely used because it
provides an estimate of selection pressure at the protein level
(Kimura, 1983). Approximately 25% of the VP1 codons appeared
to be evolving under purifying selection, with a global dN/dS esti-
mate of 0.075, indicating strong purifying selection (Table S5). As
expected, given its critical role in viral replication and transcription
(Von Einem et al., 2004), VP1 was subject to strong restrictions and
therefore seemed unable to tolerate high levels of sequence varia-
tion. The differences between the results of the neutrality test and
the substitution rate analysis of the VP1 sequences may have been
the result of the different parameters used in these approaches.
The tests of neutrality were mainly based on the differences be-
tween the number of segregating sites and the average number
of differences between pairs of sequences (Tajima, 1989), unlike
the other analyses that were based on the difference between
non-synonymous (dN) and synonymous (dS) substitution rates
per codon.
In the analysis of VP2, 12% of the codons seemed to be evolving
under purifying selection, with a global estimate of dN/dS of 0.160
(Table S5). The VP2 protein is also subject to restrictions once the
contact points between the individual VP2 molecules become
important for the stability of the VP2 homotrimer, the unit that
forms the viral capsid (Coulibaly et al., 2005; Letzel et al., 2007).
The amino acids involved in changes in virulence, which are more
susceptible to exchange, do not participate in any of the important
contacts in the interactions between the subunits that stabilize the
virion, indicating that the primary amino acids involved in this
interaction are less susceptible to exchange (Coulibaly et al.,
2005) and might be under purifying selection.
Positively selected codons were only identiﬁed in one and three
sites of VP1 and VP2 (P < 0.05), respectively. Codon 141 (Val? Leu,
Val? Ile; p = 0.040) of VP1 is located in the N-terminal domain of
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the active site of the VP1 polymerase in a closed conformation
(Pan et al., 2007). Codons 222 (Ala? Pro, Pro? Ser, Pro? Thr,
Pro? Gln; p = 0.006) and 320 (Gln? Val, Gln? Lys; p = 0.049)
of VP2 are located in the hydrophilic loops PBC and PHI, respectively,
which are two regions of high antigenic activity critical for virus
neutralization (Lee et al., 2006; Letzel et al., 2007). This is a prom-
inent feature of many viruses because these regions are under
strong selection by the host immune system (Durairaj et al.,
2011; Suzuki, 2004). Codon 294 (Ile? Leu, Leu? Ile; p = 0.026)
is located near the hydrophilic loop of VP2 PFG, a region that plays
important roles in viral infectivity and pathogenicity (Lee et al.,
2006). These three codons are located in the VP2 hypervariable re-
gion, ﬂanked by the major neutralizing epitopes of IBDV (Eterrad-
ossi et al., 1997; Vakharia et al., 1994).
Substitution rates are critical parameters for understanding
virus evolution, given that restrictions in genetic diversity within
a population of viruses can lead to lower adaptability and pathoge-
nicity (Denison et al., 2011). Substitution rates have been esti-
mated for RNA viruses, and these values typically range from
102 to 105 substitutions/site/year, with most viruses exhibiting
rates within one order of magnitude of 1  103 subs/site/year
(Duffy et al., 2008; Hanada et al., 2004). Bayes factors suggested
that the Bayesian-relaxed exponential molecular clock was the
best-ﬁt model for IBDV sequences (Table S3), and the estimated
mean substitution rate (substitution/site/year) was 2.9886  104
for sequences of VP1 and 3.2937  104 for VP2. These estimated
substitution rates are in agreement with what would be expected
of RNA viruses.
In an analysis of the quasispecies of vvIBDV Gx strain, Gao et al.
(2007) found that the mutation frequency (substitutions per nucle-
otide) in VP1 (7.9  104) was 8.78-fold higher than in VP2
(0.9  104), and this unexpected high mutation frequency of an
RNA polymerase in comparison with a structural protein was de-
scribed as an unusual phenomenon of IBDV among RNA viruses.
On the other hand, and as would be expected of RNA viruses, the
estimated mean substitution rates (substitutions/site/year) in
VP2 were 1.10-fold higher than in VP1.
3.2. Recombination analysis
Homologous recombination might also play a role in shaping
the adaptive evolution of IBDV (He et al., 2009; Hon et al., 2008).
Two unique recombination events, involving vvIBDV isolates from
Asian countries, were detected in the analysis of VP1 sequences by
at least four of the six statistical methods offered by RDP3. Isolate
DQ679813 (Turkey, vvIBDV) was predicted to be a recombinant of
D49707 (Japan, vvIBDV) and DQ679812 (Turkey, vvIBDV)
(p = 1.158  106), and isolate EF517529 (China, vvIBDV) was pre-
dicted to be a recombinant of GQ452269 (China, vvIBDV) and
AY598355 (Singapore, vvIBDV) (p = 2.538  1041). A small num-
ber of recombination events have also been found in other studies
of IBDV recombination (He et al., 2009; Hon et al., 2008), suggest-
ing a low frequency of recent homologous recombination between
strains of IBDV.
3.3. Phylogenetic clustering and virulence
Analysis of VP1 and VP2 sequences has been widely used as a
means of tracing the spread of IBDV and for discriminating be-
tween classic (cvIBDV), antigenic variant (avIBDV), and virulent
(vvIBDV) strains (Ignjatovic et al., 2004). Based on the phylogenetic
analyses, we grouped the viral isolates according to virulence (Figs.
1 and 2). The VP1-I and VP2-I clusters contained the isolates that
were characterized as being cvIBDV and avIBDV. The VP1-II and
VP2-II clusters contained the isolates that were characterized asbeing vvIBDV. VP1-I and VP2-II phylogenetic clusters were recov-
ered as monophyletic clades supported by moderate values of pos-
terior probability (PP) (Bayesian tree) and bootstrap value (BV) (ML
tree): PP > 50 and BV > 75. However, VP1-II and VP2-I clusters were
not recovered as highly supported monophyletic clades.
Three Brazilian isolates of IBDV (MG8, SP11, and SP14) had both
VP1 and VP2 sequences. In the VP1 phylogenetic tree, the isolates
MG8 (GenBank ID: JN982247) and SP14 (GenBank ID: JN982245)
were grouped in the VP1-I cluster, and isolate SP11 (GenBank ID:
JN982249) was found to be in the VP1-II cluster. In the phyloge-
netic tree of VP2, the isolates MG8 (GenBank ID: JN982251) and
SP14 (GenBank ID: JN982270) were grouped in the VP2-I cluster,
and isolate SP11 (GenBank ID: JN982262) was found to be in the
VP2-II cluster. These observations suggest that phylogenetic anal-
ysis of both sequences of VP1 and VP2 could be used for discrimi-
nating IBDV isolates as possibly vvIBDV, cvIBDV, or avIBDV. Among
the Brazilian isolates, six VP1 sequences were grouped in both
clusters VP1-I (four) and VP1-II (two) (Fig. 1), and 26 VP2 se-
quences were grouped into VP2-I (11) and VP2-II (15) (Fig. 2).
Thus, 15 of 26 Brazilian isolates were probably vvIBDV (Table 1).
Fifteen polymorphic sites were found to differ between the VP1
clusters but were conserved within them (Fig. 1). Most of the ami-
no acid residues that were characteristic of VP1-II were identiﬁed
in vvIBDV isolates; it has been speculated that they may increase
virulence by enhancing the activity of VP1 (Yamaguchi et al.,
1997; Yu et al., 2010). A comparison of the polymorphic sites of
the VP2 clusters revealed seven (P222A, V242I, V256I, T270A,
N279D, L294I, N299S) amino acid changes at speciﬁc sites that
could be responsible for enhanced virulence because they differed
between VP2-I (cvIBDV and avIBDV) and VP2-II (vvIBDV) (Fig. 2).
Four of these variant residues (P222A, V256I, L294I, and N299S)
have previously been observed between VP2 clusters and were
thought to be possible determinants of virulence (Islam et al.,
2001; Jackwood and Sommer-Wagner, 2011; Le Nouen et al.,
2006; Qi et al., 2009).
3.4. Geographical dispersal and live poultry trade
The geographic distribution of IBDV isolates is represented in
phylogenetic trees (Figs. 1 and 2) and summarized in Table 2.
cvIBDV, avIBDV, and vvIBDV isolates have been identiﬁed in Africa,
Asia, Europe, South America, and Oceania. In North America and
the Caribbean, only cvIBDV and avIBDV isolates (clusters VP1-I
and VP2-I) were identiﬁed. This high frequency of cvIBDV and avI-
BDV isolates in North America was also observed by Jackwood and
Sommer-Wagner (2005).
Analyzing the live poultry trade statistics of UN Comtrade from
1988 to 2011, we found that Belgium, China, Germany, the Nether-
lands, and Singapore were the major importers, being responsible
for 47.5% of global trade. Among the exporters, Germany, France,
the Netherlands, Malaysia, and the USA were responsible for
61.7% of global trade.
The phylogenetic tree of the VP1 sequences also revealed the
possibility of three events of introduction of IBDV into Brazil
(Fig. 1). In VP1-I (avIBDV and cvIBDV), the viral isolate SP14 was
grouped with isolates from the USA. The viral isolates MG1, MG8,
and SC11 were grouped in a speciﬁc branch of the phylogenetic
tree, and we could not infer a possible origin. In VP1-II (vvIBDV),
the viral isolates SP11 and SP6 were grouped with isolates from
the Netherlands.
The phylogenetic tree of the VP2 sequences showed, in turn, the
possibility of other events of introduction (Fig. 2). In VP2-I (avIBDV
and cvIBDV), the viral isolates SC1, SC2, SP14, SP3, SP8, and SP10
were grouped with isolates from the USA, India, and Vietnam.
The viral isolate SC5 was grouped with viral isolates from China.
The viral isolate SP5 and the viral isolates MG4, MG8, and SP9 were
Fig. 3. Population dynamics of IBDV isolates reconstructed from the VP1 and VP2 sequences. The extended Bayesian skyline plot (EBSP) shows the population size changes (y-
axis) through time (x-axis). The mean and median are shown with 95% credibility intervals. The majority-rule consensus trees of VP1 and VP2 were obtained by EBSP analysis.
The posterior probability values (expressed as percentages) calculated using the best trees found by BEAST are shown beside the main nodes, which separate clusters I and II.
The highlighted branches correspond to the Brazilian isolates.
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could not infer their possible origins. In VP2-II (vvIBDV), the viral
isolate SC9 was grouped with a viral isolate from Iran. The other
Brazilian isolates were included in speciﬁc branches of the phylo-
genetic tree, and we could not infer their possible origins.
According to statistics from UN Comtrade, the Netherlands
($14.02 million) and the USA ($159.69 million) were among the
top import partners (origins) of Brazil between 1989 and 2011
and were the main possible sources of viral introduction. Addition-
ally, Brazilian imports from China (Hong Kong SAR) totaled
$120,175.00 between 1996 and 1997. UN Comtrade had no records
about live poultry trade between Brazil, India, Iran, and Vietnam.
3.5. Demographic history and epidemiology
The EBSP shows the predicted changes in IBDV population size
over time (Fig. 3). IBD was ﬁrst described in the USA in 1962 (Cos-
grove, 1962), and the ﬁrst acute severe outbreaks were detected in
Europe in 1987 (Chettle et al., 1989; Van den Berg et al., 1991).
These landmarks in the epidemiological history of IBDV were plot-
ted on the EBSP to evaluate their possible effects on the effective
population sizes (EPS) of the virus. Increases in IBDV population
size were observed in the EBSP starting in 1962 and especially in
1987 (Fig. 3). This increase can be attributed to higher selective
pressures acting on viral isolates of IBDV due to more intensive
control of IBD in poultry following its ﬁrst description. Addition-
ally, the increase around the 1980s may reﬂect an immunological
escape of IBDV that resulted in acute outbreaks of IBD.
Previous studies on the molecular epidemiology of IBDV indi-
cate that the vvIBDV strains descended from a common ancestor
(Jackwood and Sommer-Wagner, 2007; Van den Berg, 2000; Yam-
aguchi et al., 1997). According to EBSP trees (Fig. 3), diversiﬁcation
between clusters I (avIBDV and cvIBDV strains) and II (vvIBDV
strains) may have occurred since approximately 1950, with an in-
crease in the genetic diversity of viral isolates of IBDV in the last 25
years.
The Brazilian viral isolates sequenced in this work were sam-
pled between 1997 and 2009, a period during which there wereoutbreaks of acute IBD in Brazilian poultry. In addition, a cvIBDV
strain sampled in 1983 (GenBank ID: DQ187988) was added to
the data set. The EBSP trees indicate that the Brazilian isolates
(highlighted branches) in cluster I (avIBDV and cvIBDV) may have
been introduced between 1920 and 1960 (Fig. 3) and that isolates
in cluster II (vvIBDV) were probably introduced after 1970.3.6. Conclusions
We have shown that IBDV isolates were introduced into Brazil
mainly from the Netherlands (vvIBDV) and the USA (avIBDV and
cvIBDV). These introductions were associated with all Brazilian
poultry production regions analyzed in this work and probably oc-
curred via the importation of sub-clinically infected animals, rein-
forcing the importance of establishing effective sanitation barriers
on trade in live poultry. In addition, we have shown that the evo-
lution of IBDV is shaped by a combination of very low recombina-
tion rates and relatively high rates of nucleotide substitution
(2.9886  104 for VP1 and 3.2937  104 for VP2), which them-
selves are a function of purifying selection operating on VP1 and
VP2. Furthermore, our extended Bayesian skyline plot suggests
that the increase in the effective population size of viral isolates
of IBDV is consistent with its epidemiological history, with a large
increase in size during the emergence of acute outbreaks of IBD in
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